An exact solution of three-dimensional theory of elasticity in an infinite elastic rock medium around magma reservoirs of various aspect ratios and the criteria of rock fracturing provide an important tool for the interpretation of the origin and nature of distribution of many ore-bearing fracture systems around magmatic bodies in the world. Theoretical analyses suggest the conditions and regions of formation of (1) 
Introduction
IT is generally recognized that a great many primary mineral deposits are concentrated in and around small stocks or cupolas of large batholiths (Emmons, 1933 (Emmons, , 1937 Bateman, 1951) . Their close relationships have led many to infer that the mineral lode(s) had formed from fluids expelled from such masses. Emmons (1933 Emmons ( , 1937 Emmons ( , 1940 suggested that wedging by vapor pressure produced vein fractures in the roofs and surrounding hoods of stocks and cupolas. Newhouse (1942) , Wisser (1960) , and others have shown that structural domes, anticlines, and fractures associated with them, which act as areas of ore localization, are commonly associated with igneous intrusion(s) or plutons. Imai (1966) has noted that many veintype deposits in Japan are localized in fractures produced by magmatic upwelling or subsidence (including cauldron subsidence) subsequent to the main intrusion magma. It is also known that disseminated porphyry copper deposits are most commonly associated in fractures with igneous stocks or bosses of intermediate to felsic compositions (Emmons, 1940, p. 28 ). Thus, the fractures which are formed due to intrusion(s) of stocks, bosses, or cupolas of larger igneous masses, or subsequent to magma upheaval and subsidence, act as structural sinks for orebodies. It is, therefore, of great interest to exploration and economic geologists to know the mechanical effects of various magmatic intrusion (s) and the types and patterns of fractures that are produced in the surrounding invaded rocks, which act as hosts for mineralizing solutions and ore fluids. Our primary aim in this 781 paper is to show, through our theoretical and computerized solutions, the types and patterns of fractures produced due to magmatic intrusion(s) of various sizes and shapes (determined by various aspect ratios) and their similarities with ore-bearing fractures associated with magmatic intrusions in many important mining districts. This enables prediction of the general form and dimensions of magmatic intrusions from the nature of superficial fracture patterns, and the general extent of orebearing fractures associated with bodies of various dimensions, thus facilitating exploration of ore deposits.
We also discuss and interpret the development of various fracture patterns and the significance of these for structural control of ore deposits from the viewpoints of rock mechanics and the theory of fractures in rocks.
Previous work
In his classic work, Anderson (1936 presented a mechanical theory for the formation of cone sheets and ring dikes by magmatic intrusion. This work provided a theoretical basis for later study on fracture patterns, although in his analysis he assumed a "point push" rather than a magma reservoir pressure. Anderson (1938 Anderson ( , 1951 pointed out that extension fractures occur in a plane normal to the direction of maximum principal stress (i.e., to the direction of minimum compression) by the wedging action of the magma intrusion. He concluded that the cone sheets fill extension fractures formed by the magma pressure exceeding the lithostatic pressure, and the ring dikes occupy shear fractures formed when the magma pressure was less than the lithostatic pressure. Od(• (1957) analyzed the effects of horizontal nonhydrostatic stress on radial fractures around a cylindrical magma reservoir. Garson (1959) , in his analysis, assumed a circular area of upward pressure and obtained fracture patterns similar to those predicted by Anderson's theory. Onda (1960) 
Methods of analysis
An isolated prolate magma chamber is assumed to exist in an isotropic, homogeneous, elastic rock body (Fig. 1) . A three-dimensional exact solution of theory of elasticity has been obtained on the basis that hydrostatic magma pressure acts across the wall of the magma reservoir. As magmas (particularly the felsic types with which many ore deposits are associated) are generally lighter than the surrounding rocks in the deeper level of the crust, the effective stress t (a-P) is maximum at the top of the magma reservoir.
As fractures also occur in the areas of largest effective stress (as discussed later), magma reservoirs tend to develop upward (Koide, 1974; Mogi, 1974 (Fig. 1) . As the shape of the upper part of the magma reservoir affects the stress concentration primarily around its'apex, the vertical prolate magma reservoir represents the shape of an actual stock or a cupola more realistically than the circular shape of the magma reservoir. Homogeneous isotropic lithostatic stress is assumed when there is no effect of magma pressure (i.e., stress is homogeneous and isotropic infinitely far from the magmatic source). This assumption is valid, as actual field measurements of stresses have shown them to be nearly isotropic, and horizontal stresses were found to be almost equal to the overburden rock pressure (Suzuki et al., 1967; Hast, 1973 The magma reservoir of aspect ratio 1:1.4 is nearly spherical in shape (Fig. 2) . Contours are also nearly circular, but stress is higher around the apical area. The highest tensile stress -0.738 kb occurs in the surrounding rocks just above the Case II. Stress distribution around a magma body with increasing aspect ratio
As we pointed out earlier, the size, shape, and depth of intrusion of magma bodies vary greatly in nature and are hard to estimate. A magma reservoir, due to higher effective (tectonic) stress, piecemeal and convective stoping (Bhattacharji and Schleifer, 1970) , could grow progressively, vertically, in situ even after emplacement. Therefore, it is important to consider the effects of intrusions of magma bodies of various or increasing aspect ratios which may cause different stress distributions in the surrounding country rock(s). This variation may produce different and new fracture patterns, or may influence previous fracture patterns, thus affecting the localization of ore minerals. Here we are presenting the summary of the results of our analysis of vertical prolate magma bodies of aspect ratios 1:10 and 1:100 (Figs. 2C-F) . One could consider the results of our analyses for stress distribution and fracture patterns due to individual, discrete magma bodies of different aspect ratios, or due to a magma body of progressively increasing aspect ratio from 1:10 ko 1:100 in the vertical direction of intrusion.
Near the apex of magma reservoirs, stress contours are almost arcuate, and directions of a• dip inward or are vertical along the extension of the central axis of the magma reservoir. Patterns of stress distribution near the apex of elongated magma reservoirs of aspect ratios 1:10 and 1:100 are similar to that of a near-spherical magma body of aspect ratio 1:1.4, although stress concentration is much higher (Fig. 2) . At the apex of a magma reservoir of aspect ratio 1:10, the highest maximum tensile and shearing stresses are 1.379 and 1.191 kb, respectively, while for a body of aspect ratio 1: 100, they are 1.428 kb (tensile stress) and 1.214 kb (shearing stress). Inside a funnel-shaped surface in Figures 2C, E , far above the magma reservoirs, the contours for ax are slightly concave upward; while the upward concavity of contours for rm is more apparent in Figures 2D, F Figs. 2C, E) . The funnel-shaped surface (V.T.) dips inward at angles of about 55 ø and 40 ø for magma bodies of aspect ratios 1:10 and 1:100, respectively. The occurrence of a tensile zone above a magma reservoir due to intrusive pressure of magma may appear paradoxical. However, the wall of a vertically elongated magma reservoir has a force component that is larger horizontally than vertically. This will tend to enlarge the magma reservoir in the lateral direction, thereby producing tensile stress instead of compresslye stress in the surrounding rock at the apical zone of the magma reservoir; this would produce wedging action more readily than lifting its top. This horizontal extension in and around a deeper level magma reservoir produces a threedimensional extension above it. Therefore, for a more elongated magma reservoir of aspect ratio 1:100, there will be a greater tendency for extension inside the funnel-shaped surface (above the magma reservoir), although the patterns of stress concentration for bodies of aspect ratios 1:10 and 1:100 are very similar. The similarity of stress concentration (Figs. 2C-E) is due to the similarity of shapes of the apex of magma reservoirs of aspect ratios 1:10 and 1:100. It is to be noted, however, that for magma reservoirs of aspect ratio less than 1:10 the extent of the area of stress concentration is approximately proportional to the radius of curvature of the apex of slender, prolate magma reservoirs. It is also noteworthy that in a vertically elongated magma reservoir, lithostatic stress, magma pressure, and effective stress can change (or vary) with depth. Thus, a general buildup of magma pressure would lead to horizontal stretching of the magma reservoir, resulting in extension into the rock(s) above it and concomitant wedging (and intrusion) of magma.
The principal stress (v,) for a prolate magma reservoir of aspect ratio 1:100 (acting perpendicular to the radial plane) is shown in Figure 3 1.4 (Fig.  3) . However, inside the funnel-shaped fractured surface (C.F.), a, is higher than ax. The values of ax and a, are equal along the (vertical) central axis of magma reservoir and along the funnelshaped surface (C.F.). The stress analyses presented here (Fig. 3) RT.CT and RT.CS (Fig. 4) . Concentric (generally continuous) tension fractures also occur perpendicular to the direction of maximum stress • (i.e., normal to the plane of figure), in the region of RT.CT (Fig. 2) . In this region radial tension fractures are formed prior to concentric fractures, as the stress •, (normal to the plane of figure) is larger than the stress •. As a result, radial tensile fractures predominate, while arcuate, segmented concentric fractures occur in the restricted region of RT.CT (Fig. 5) (Fig. 4) . This is due to higher magnitude of maximum stress • (within the radial plane) over
•, (acting normal to the radial plane) inside a funnel-shaped surface (C.F.) (Fig. 3B) (Fig. 6A) . If, however, magma and interstitial fluid pressures become large compared to lithostatic stress, the zone of brittle fractures then extends toward the funnel-shaped fracture surface (Fig. 4B) (Fig. 6B) as stress contours and boundary lines of fractures become flat or concave upward (Figs. 2 to 4) . If deformation progresses further, en echelon concentric brittle faulted segments may continue to form complete faulted rings (as appear in plan view). Some faults also appear as funnel-shaped normal faults (Fig. 6B) . For bodies of aspect ratios 1:100 and 1:10, the computed dips of funnel-shaped normal faults above the magma reservoirs appear to be 50 ø and 60 ø, respectively (Fig. 2) , although the general range of dips may vary between 45 ø to 60 ø . Displacement along the normal faults in the central region of the funnelshaped fracture zone (immediately above the apex of the magma reservoir) may produce some subsidence compared to the peripheral region. It is interesting to note that the distribution of elastic displacement indicates wide domal uplift above magma intrusion, but an area of relative subsidence commonly occurs in the center of the domal uplift, as indicated from our theoretical analyses (Bhattacharji and Koide, in prep.). The formation of central graben in a domal uplift, as observed in many areas of recent magmatic activities, or underground caldera subsidence above deepseated magma rise (intrusion) are also indicated by the existence of vertical extensional stress above a vertically elongated magma reservoir (Fig. 2) from our analyses.
At shallower depths, the lithostatic load is relatively less. As a result, the zone of fractures extends upward and outward. For an elongated magma body intruded at a shallow depth (i.e., closer to the surface), the general distribution of fracture patterns will still be similar, as shown in ., 1975, fig. 27 ). These deposits may be genetically related to late Cretaceous or early Tertiary granitic rock which may exist as a cryptobatholith underneath the funnel-shaped rhyolitic body (Imai, 1966) . In the Ashio mine (Imai  et al., 1975, Figs. 30, 31) , an arcuate brecciated normal fault zone also exists almost parallel to the periphery of a funnel-shaped rhyolitic body. This fault zone is partly mineralized, and replacement orebodies also occur in chert beds. It appears that the arcuate brecciated fault zone is a remnant of original funnel-shaped normal faults. Although the primary mineralization took place during the later phase when the rhyolite was almost solidified, fracturing, subsidence, and early mineralization seem to be related directly to a series of igneous activity. The veins in Ikuno mine, Japan, also formed in a rhyolitic body which occupied an area of probable caldera subsidence (Imai, 1966) (Fig. 8) . Chimney deposits and breccia pipes (Fig. 7) 
